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(57) ABSTRACT 

Methods and apparatuses for circuit design to reduce poWer 
usage, such as reducing temperature dependent poWer usage, 
and/or to improve timing, such as reducing temperature 
dependent delay or transition time. At least one embodiment 
of the present invention reduces the poWer dissipation and 
improves the timing of an integrated circuit to optimize the 
design. A thermal analysis is used to determine the tempera 
ture dependent poWer dissipation of a circuit and the tempera 
ture distribution of the circuit resulting from dissipating the 
heat created by the temperature dependent poWer dissipation. 
Then, the components of the design are selectively trans 
formed to reduce the poWer dissipation and to improve timing 
based on the temperature solution. The transformation may 
include placement changes and netlist changes, such as the 
change of transistor threshold voltages for cells or for blocks 
of the circuit chip. 
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METHODS AND APPARATUSES FOR 
THERMAL ANALYSIS BASED CIRCUIT 

DESIGN 

[0001] This present application is a divisional of US. 
patent application Ser. No. 11/034,391, ?led on Jan. 11,2005. 

FIELD OF THE TECHNOLOGY 

[0002] The invention relates to automated circuit design, 
and more particularly to the automated transformation and 
optimization of a design of a circuit for improved timing and 
reduced poWer. 

BACKGROUND 

[0003] For the design ofdigital circuits (e.g., on the scale of 
Very Large Scale Integration (VLSI) technology), designers 
often employ computer-aided techniques. Standard lan 
guages such as HardWare Description Languages (HDLs) 
have been developed to describe digital circuits to aid in the 
design and simulation of complex digital circuits. Several 
hardWare description languages, such as VHDL and Verilog, 
have evolved as industry standards. VHDL and Verilog are 
general-purpose hardWare description languages that alloW 
de?nition of a hardWare model at the gate level, the register 
transfer level (RTL) or the behavioral level using abstract data 
types. As device technology continues to advance, various 
product design tools have been developed to adapt HDLs for 
use With neWer devices and design styles. 
[0004] In designing an integrated circuit With an HDL code, 
the code is ?rst Written and then compiled by an HDL com 
piler. The HDL source code describes at some level the circuit 
elements, and the compiler produces an RTL netlist from this 
compilation. The RTL netlist is typically a technology inde 
pendent netlist in that it is independent of the technology/ 
architecture of a speci?c vendor’s integrated circuit, such as 
?eld programmable gate arrays (FPGA) or an application 
speci?c integrated circuit (ASIC). The RTL netlist corre 
sponds to a schematic representation of circuit elements (as 
opposed to a behavioral representation). A mapping operation 
is then performed to convert from the technology independent 
RTL netlist to a technology speci?c netlist, Which can be used 
to create circuits in the vendor’s technology/ architecture. It is 
Well knoWn that FPGA vendors utilize different technology/ 
architecture to implement logic circuits Within their inte 
grated circuits. Thus, the technology independent RTL netlist 
is mapped to create a netlist, Which is speci?c to a particular 
vendor’s technology/architecture. 
[0005] One operation, Which is often desirable in this pro 
cess, is to plan the layout of a particular integrated circuit and 
to control timing problems and to manage interconnections 
betWeen regions of an integrated circuit. This is sometimes 
referred to as “?oorplanning.”A typical ?oor planning opera 
tion divides the circuit area of an integrated circuit into 
regions, sometimes called “blocks”, and then assigns logic to 
reside in a block. These regions may be rectangular or non 
rectangular. This operation has tWo effects: the estimation 
error for the location of the logic is reduced from the size of 
the integrated circuit to the size of the block (Which tends to 
reduce errors in timing estimates), and the placement and 
routing typically runs faster because as it has been reduced 
from one very large problem into a series of simpler prob 
lems. 
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[0006] A typical integrated circuit is designed for imple 
mentation on a chip substrate. For example, a silicon substrate 
can have devices, such as standard cells, custom blocks, etc., 
formed on the substrate and interconnected by layers of metal 
Which are separated by layers of dielectric materials. 
[0007] A silicon chip dissipates poWer during operation. 
The temperature of the silicon chip rises While the heat gen 
erated from the poWer used by the circuit is being conducted 
aWay to the surrounding environment. The silicon substrate 
conducts aWay a portion of the heat, While the metal intercon 
nect stack above the silicon substrate used for signal inter 
connect and poWer distribution conducts aWay a portion of the 
heat. 
[0008] When the chip reaches a steady state for heat dissi 
pation, at an elevated silicon temperature ?eld equilibrium 
exists betWeen the heat generated and the heat transported 
aWay by the temperature gradient created by the difference 
betWeen the silicon temperature and the ambient temperature. 
The silicon temperature ?eld is typically non-uniform. The 
temperature in the silicon chip typically varies according to 
the locations, depending on the local heat generation and the 
physical layout of the chip. 
[0009] High temperature in an Integrated Circuit (IC) chip 
may reduce the reliability of the IC chip. Large temperature 
gradient in the chip may cause malfunction. For example, K. 
Banerjee, M. Pedram andA. H. Ajami (2001), “Analysis and 
optimization of thermal issues in high-performance VLSI,” 
Proc. of 2001 International Symposium on Physical Design 
(ISPD), provide an overview of various thermal issues in 
high-performance VLSI With especial attention to their impli 
cations for performance and reliability. 
[0010] Some techniques have been developed to consider 
the steady state of the thermal conduction during the process 
of partitioning and placement. Examples of such techniques 
include: C. H. Tsai and S-M Kang (1999), “Standard Cell 
Placement for even on-chip thermal distribution,” Proc. of 
1999 International Symposium on Physical Design (ISPD); 
Guoqiang Chen and Sachin Sapatnekar (2003), “Partition 
Driven Standard Cell Thermal Placement,” Proc. of 2003 
International Symposium on Physical Design (ISPD); 
Kyoung Keun Lee, EdWard J. Paradise, Sung Kyu Lim 
(2003), “Thermal-driven Circuit partitioning and Floorplan 
ning With PoWer Optimization,” Georgia Institute of Technol 
ogy, Center for Experimental Research in Computer Systems, 
Technical Reports, GIT-CERCS-03-07. These techniques 
seek for an even temperature distribution in a partitioning and 
placement process during the early stage of a circuit design 
(e.g., ?oorplanning to breaking doWn a circuit design into 
blocks and lay out the blocks). 
[0011] Some techniques for design optimization include 
three-dimensional integration. For example, S. Das, A. Chan 
drakasan and Rafael Reif (2004), “Timing, energy and ther 
mal performance of three-dimensional integrated circuits,” 
Proc. of Great Lakes Symposium on VLSI (GL VLSI), shoW 
a method of combining multiple device layers With a high 
density inter-layer interconnect for 3-D integration of a given 
circuit to provide better timing and energy performance rela 
tive to a single Wafer implementation of the same circuit. 

SUMMARY OF THE DESCRIPTION 

[0012] Methods and apparatuses for circuit design to 
reduce poWer usage, such as reducing temperature dependent 
poWer usage, and/or to improve timing, such as reducing 
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temperature dependent delay or transition time, are described 
here. Some embodiments of the present invention are sum 
mariZed in this section. 

[0013] At least one embodiment of the present invention 
reduces the poWer dissipation and improves the timing of an 
integrated circuit to optimiZe the design. A thermal analysis is 
used to determine the temperature dependent poWer dissipa 
tion of a circuit and the temperature distribution of the circuit 
resulting from dissipating the heat created by the temperature 
dependent poWer dissipation. Based on the temperature solu 
tion, the components of the design are selectively trans 
formed to reduce the poWer dissipation and to improve tim 
ing. The transformation may include placement changes and 
netlist changes, such as the change of transistor threshold 
voltages for standard cells or for blocks of the circuit chip. 
[0014] In one aspect of the present invention, a method 
implemented on a data processing system for circuit design, 
includes: determining for a ?rst design of a circuit a ?rst 
temperature solution and a ?rst poWer dissipation solution, 
Where the ?rst poWer dissipation solution and the ?rst tem 
perature solution are interdependent; and, transforming the 
?rst design of the circuit into a second design of the circuit 
using the ?rst temperature solution to reduce poWer dissipa 
tion of the circuit under one or more design constraints. 

[0015] In one example of an embodiment, the ?rst tempera 
ture solution is computed to represent a steady state thermal 
dynamic balance betWeen the ?rst design of the circuit and a 
surround environment of the circuit. The ?rst poWer dissipa 
tion solution includes temperature dependent poWer dissipa 
tion of elements of the ?rst design. The temperature depen 
dent poWer dissipation includes leakage poWer of elements of 
the ?rst design. 
[0016] For example, the transformation may include: mov 
ing an element of the ?rst design of the circuit from a ?rst 
location Which has a ?rst temperature according to the ?rst 
temperature solution to a second location Which has a second 
temperature according to the ?rst temperature solution, in 
Which the ?rst temperature is higher than the second tempera 
ture. 

[0017] In one example of an embodiment, the ?rst design 
includes a placement solution and a routing solution. In one 
example, the transformation reduces leakage poWer of the 
circuit under the one or more design constraints, such as a 
timing constraint. 
[0018] In one example of an embodiment, the transforma 
tion includes replacing a ?rst element of the ?rst design of the 
circuit With a second element of the second design of the 
circuit. The ?rst and second elements are functionally equiva 
lent. The second element has poWer dissipation loWer than the 
?rst element at a same temperature. In one example, the ?rst 
element has a ?rst transistor threshold voltage; the second 
element has a second transistor threshold voltage; and the ?rst 
transistor threshold voltage is loWer than the second transistor 
threshold voltage. In one example, the second element is 
smaller than the ?rst element. 

[0019] In one example of an embodiment, the transforma 
tion includes: replacing a third element of the ?rst design of 
the circuit With a fourth element of the second design of the 
circuit to meet a timing requirement on a path passing through 
the ?rst and third elements. The third and fourth elements are 
functionally equivalent. The fourth element has poWer dissi 
pation higher than the third element at a same temperature. In 
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one example, the third element has a third transistor threshold 
voltage; the fourth element has a fourth transistor threshold 
voltage; and the fourth transistor threshold voltage is loWer 
than the third transistor threshold voltage. 
[0020] In one example of an embodiment, the ?rst and third 
elements are selected on a signal path of the ?rst design of the 
circuit; the ?rst element is at a ?rst location Which has a ?rst 
temperature according to the ?rst temperature solution; the 
third element is at a second location Which has a second 
temperature according to the ?rst temperature solution; and 
the ?rst temperature is higher than the second temperature. 
[0021] In one example of an embodiment, the method fur 
ther includes: determining a timing critical path; and select 
ing a ?rst element of the timing critical path based on at least 
the ?rst temperature solution; and the transformation includes 
replacing the ?rst element With a second element to improve 
timing on the timing critical path. In one example, the ?rst 
element is selected from a loW temperature portion of the 
timing critical path; and the second element has a transistor 
threshold voltage loWer than the ?rst element. 
[0022] In one aspect of the present invention, a method 
implemented on a data processing system for circuit design, 
includes: determining a temperature solution and a poWer 
dissipation solution for a ?rst design of a circuit; and trans 
forming the ?rst design of the circuit into a second design of 
the circuit using the temperature solution to improve perfor 
mance of ?rst design of the circuit. The poWer dissipation 
solution and the temperature solution are interdependent; and 
the poWer dissipation solution and the temperature solution 
are consistent With each other 

[0023] In one example of an embodiment, the method fur 
ther includes: selecting an element of the ?rst design from a 
location With an elevated temperature according to the tem 
perature solution. The ?rst design is transformed into a sec 
ond design through replacing a ?rst implementation of the 
element With a second implementation to reduce leakage 
poWer. In one example, the ?rst implementation has a tran 
sistor threshold voltage loWer than the second implementa 
tion. In one example, the method further includes: selecting 
an element of the ?rst design from a location With a loW 
temperature according to the temperature solution. The ?rst 
design is transformed into a second design through replacing 
a ?rst implementation of the element With a second imple 
mentation to improve timing on a path While limiting an 
increase in leakage poWer. In one example, the second imple 
mentation has a transistor threshold voltage loWer than the 
?rst implementation. 
[0024] In one aspect of the present invention, a method 
implemented on a data processing system for circuit design, 
includes: determining a temperature solution and a poWer 
dissipation solution for a ?rst design of a circuit, Where the 
poWer dissipation solution and the temperature solution are 
interdependent and consistent With each other; and perform 
ing timing optimiZation using the temperature solution to 
generate a second design of the circuit. In one example, the 
method further includes: evaluating a temperature dependent 
delay from an input of an element to an output of the element. 
In another example, the method further includes: evaluating a 
temperature dependent transition time of an element at an 
output of the element. The element, for example, can be a 
standard cell; a custom block; or a custom macro. 

[0025] In one example of an embodiment, the ?rst design of 
the circuit includes a technology dependent netlist in a Hard 
Ware Description Language (HDL). In one example, the tim 
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ing optimization is performed together With power optimiZa 
tion. In one example, the timing optimization includes netlist 
changes such as changing a transistor threshold value for a 
cell instance or a block. 

[0026] In one aspect of the present invention, a method 
implemented on a data processing system for circuit design, 
includes: selectively changing transistor threshold value for 
at least a portion of a design of a circuit to optimiZe poWer 
usage under timing constraint. In one example, the transistor 
threshold value is selectively changed for individual cell 
instances. In another example, the transistor threshold value 
is selectively changed for blocks of a chip. In one example, 
selection of the portion of the design is at least partially 
dependent on a temperature solution for the design of the 
circuit; the temperature solution is based on heat transfer 
according to a temperature dependent poWer dissipation solu 
tion for the design of the circuit. In one example, the method 
further includes: determining the temperature solution and 
the temperature dependent poWer dissipation solution, Which 
are interdependent and consistent With each other. 

[0027] The present invention includes methods and appa 
ratuses Which perform these methods, including data process 
ing systems Which perform these methods, computer read 
able media Which When executed on data processing systems 
cause the systems to perform these methods, circuits designed 
using these methods, and computer readable media Which 
contains the data representation of the circuits designed using 
these methods. 

[0028] Other features of the present invention Will be 
apparent from the accompanying draWings and from the 
detailed description Which folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] The present invention is illustrated by Way of 
example and not limitation in the ?gures of the accompanying 
draWings in Which like references indicate similar elements. 

[0030] FIG. 1 illustrates a circuit design process for the 
optimiZation of poWer dissipation and timing according to 
one embodiment of the present invention. 

[0031] FIG. 2 illustrates a method to optimiZe a circuit 
design according to one embodiment of the present invention. 

[0032] FIG. 3 illustrates a method to obtain a self-consis 
tent thermal ?eld for the optimiZation process according to 
one embodiment of the present invention. 

[0033] FIG. 4 illustrates a detailed example of optimiZing a 
circuit design according to one embodiment of the present 
invention. 

[0034] FIG. 5 illustrates one example transformation to 
optimiZe a circuit design according to one embodiment of the 
present invention. 
[0035] FIG. 6 illustrates another example transformation to 
optimiZe a circuit design according to one embodiment of the 
present invention. 
[0036] FIG. 7 illustrates a further synthesis transformation 
to optimiZe a circuit design according to one embodiment of 
the present invention. 
[0037] FIG. 8 illustrates a detailed How of synthesis trans 
formations to optimiZe a circuit design according to one 
embodiment of the present invention. 
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[0038] FIG. 9 shoWs a block diagram example of a data 
processing system Which may be used With the present inven 
tion. 

DETAILED DESCRIPTION 

[0039] The folloWing description and draWings are illustra 
tive of the invention and are not to be construed as limiting the 
invention. Numerous speci?c details are described to provide 
a thorough understanding of the present invention. HoWever, 
in certain instances, Well knoWn or conventional details are 
not described in order to avoid obscuring the description of 
the present invention. References to one or an embodiment in 
the present disclosure are not necessarily references to the 
same embodiment; and, such references mean at least one. 
[0040] At least one embodiment of the present invention 
reduces the poWer dissipation and improves the timing of an 
integrated circuit to optimiZe the design. After computing the 
poWer dissipation in an original design, the temperature 
across the chip due to the heat generated is computed. Then, 
the components of the design are selectively transformed to 
reduce the poWer dissipation and to improve timing based on 
the temperature solution. For example, cells With high poWer 
dissipation and/or larger temperature dependent portion of 
delays can be moved aWay from high temperature regions into 
loW temperature regions to reduce the overall poWer dissipa 
tion and/or improve timing. 
[0041] In one embodiment of the present invention, the 
poWer dissipation, temperature and the design (e.g., place 
ment and netlist) are interdependent. Transforming the design 
causes the changes in the poWer dissipation distribution 
Which changes the temperature distribution, Where the poWer 
dissipation distribution depends on the temperature distribu 
tion. 
[0042] In one embodiment of the present invention, a ther 
mal analysis is used to minimiZe the sources of poWer that are 
mo st directly affected by temperature: leakage poWer and cell 
sWitching poWer. Signi?cant reduction in poWer can be 
achieved Without over-constraining the design Which may 
lead to dif?cultly in meeting the timing requirements. 
[0043] In one embodiment of the present invention, explicit 
models for the temperature variation of the poWer and/or 
delay are used for the thermal analysis based optimiZation. 
[0044] In one embodiment of the present invention, both 
poWer and timing are optimiZed simultaneously based on the 
thermal analysis. 
[0045] FIG. 1 illustrates a circuit design process for the 
optimiZation of poWer dissipation and timing according to 
one embodiment of the present invention. In FIG. 1, a circuit 
design (201) is transformed to improve the performance of 
the circuit using a thermal model (203) of the circuit design 
(201). For example, the circuit design may be transformed for 
reduced poWer dissipation and/ or improved timing. Improv 
ing timing performance on critical paths can lead to a reduced 
clock period so that the circuit can run at a high frequency. 
[0046] in one embodiment of the present invention, the 
thermal model (203) represents the steady state of the heat 
transfer betWeen the chip implementing the circuit design 
(201) and the surrounding environment (e.g., ambient tem 
perature). The circuit design (201) includes blocks (e.g., 211, 
213, 215, . . . ), Which consume poWer When in operation. The 

consumed poWer of the circuit blocks, such as standard cells, 
custom designed blocks, or blocks of cells, are represented as 
the heat sources (e.g., 231, 233, 235, . . . ) in the thermal 
model. 
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[0047] According to one embodiment of the present inven 
tion, a thermal analysis (221) is performed based on the 
circuit design (201) to determine the self consistent poWer 
dissipation and temperature solution. At least one design 
transformation (223) is then performed based on the thermal 
analysis. For example, the design transformation (223) can 
include a synthesis transformation to replace one or more 
blocks With one or more functionally equivalent correspond 
ing blocks to optimiZe a design goal. For example, the block 
may be transformed to reduce the leakage poWer, to improve 
timing performance, etc. 
[0048] FIG. 2 illustrates a method to optimiZe a circuit 
design according to one embodiment of the present invention. 
Operation 301 determines a temperature distribution of an 
Integrated Circuit (IC) chip and a poWer dissipation distribu 
tion of the IC, Where the poWer dissipation distribution and 
the temperature distribution are interdependent and consis 
tent With each other. If operation 303 determines that it is 
desirable to perform a design transformation to reduce the 
poWer dissipation, operation 305 performs one or more 
design transformations to reduce poWer dissipation (e.g., 
reduce leakage poWer) under design constraints (e. g., timing 
constraints). Operation 307 determines Whether the poWer 
dissipation distribution is changed signi?cantly due to the 
design transformations. If the poWer dissipation distribution 
has not been changed signi?cantly, the temperature solution 
can be further used to perform the design transformation; 
otherWise, operation 301 is performed to update the tempera 
ture solution and the poWer dissipation distribution. Opera 
tions 301-307 can be repeated until a desired design goal is 
achieved (e.g., the poWer usage is under a given limit or there 
is no signi?cant improvement). 
[0049] Typically, the poWer dissipation of an Integrated 
Circuit (IC) chip changes as the computation task performed 
by the IC chip changes. A number of techniques have been 
published for the estimation of poWer dissipation in a chip to 
resolve the uncertainty (or time dependency) in the compu 
tation tasks. See, for example, F. Najm (1994), “A survey of 
poWer estimation techniques in VLSI circuits,” IEEE Trans 
actions onVLSI Systems, Vol. 2, No. 4, pp. 446-455. Some of 
the techniques use probabilistic methods; and some of the 
techniques use a more deterministic approach by applying 
input vectors and running logic simulations to obtain a large 
set of sWitching activities and to estimate the average sWitch 
ing at cell output. These techniques typically generate a form 
of average computation tasks for the determination of the 
computation dependent part of the poWer dissipation for the 
cell instances. 

[0050] For the design purpose, the poWer dissipation esti 
mated for the circuit blocks is typically based on a form of 
average computation activities. The exact poWer usages in the 
circuit blocks are typically based on the computation tasks of 
the circuit, Which typically varies over the time in real World 
usage. An estimation of the computation activities can then be 
used to determine the poWer dissipation for various blocks of 
the circuit design. For example, the computation activities 
can be estimated in terms of frequency of sWitching activities, 
probabilities of state sWitching, or combinations of different 
input vectors, etc. Which typically lead to an estimation of a 
form of average poWer dissipation due to computation activi 
ties over time. 

[0051] In general, When the time dependent aspect of the 
poWer dissipation and temperature variation is not of particu 
lar interest during the design process, a form of poWer dissi 
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pation averaged over time can be used to obtain a “typical” 
temperature distribution. Further, a steady state of the heat 
dissipation can be used to obtain a “typical” temperature 
distribution and remove the time varying aspect of the heat 
dissipation process. 
[0052] Thus, in one embodiment, a form of the computa 
tion activity usage of the circuit blocks is used to remove the 
time varying aspect of the computation activities; and a 
steady state solution for the thermal model is use to remove 
the time varying aspect of the time varying aspect of the heat 
transfer process. The poWer dissipation solution and the tem 
perature ?eld solution may or may not be exactly equal to a 
real World poWer dissipation distribution and a real World 
temperature ?eld for an implementation of the circuit design. 
[0053] Thus, the temperature ?eld solution to the thermal 
model (205) represents a time independent aspect of the tem 
perature ?eld of the circuit design implemented as an Inte 
grated Circuit (IC) chip. An IC chip is typically made of a 
silicon substrate With metal layers for interconnect and other 
materials, such as dielectric materials that separates the metal 
layers and package materials Which protect the IC chip. 
[0054] In one embodiment of the present invention, the 
poWer dissipations of the circuit blocks (e.g., 211, 213, 215) 
are based on not only the computation activities but also the 
temperature of the circuit blocks. Thus, the temperature solu 
tion and the poWer dissipation solution are interdependent. In 
one embodiment, the poWer dissipations of the circuit blocks 
include a temperature dependent portion, Which is optimiZed 
using the temperature solution obtained from the thermal 
model (203) based on the temperature dependent poWer dis 
sipation solution. 
[0055] In one embodiment of the present invention, the 
temperature dependent poWer dissipation solution and the 
temperature solution based on the poWer dissipation solution 
are consistent With each other. In one aspect, the temperature 
?eld used to determine the poWer dissipation solution is con 
sistent With the temperature solution obtained from solving 
the heat dissipation problem according to the determined 
poWer dissipation solution. In another aspect, the poWer dis 
sipation used to determine a temperature solution is consis 
tent With the poWer dissipation solution computed according 
to the temperature solution. 
[0056] FIG. 3 illustrates a method to obtain a self-consis 
tent thermal ?eld for the optimization process according to 
one embodiment of the present invention. After operation 321 
determines an initial temperature distribution of an Integrated 
Circuit (IC) chip, operation 323 determines the poWer dissi 
pation of cell instances of the IC based on the temperature 
distribution. The initial temperature distribution may be a 
uniform temperature ?eld at the ambient temperature or other 
predicted temperatures. 
[0057] Operation 325 interpolates the poWer dissipation in 
the IC chip to obtain a poWer dissipation distribution. Typi 
cally, the thermal model of the continuum media for heat 
transfer (e.g., in the form of a Laplace’s equation) is dis 
cretiZed using a numerical scheme, such as a ?nite difference 
method, a ?nite element method, a boundary element method, 
etc. Some of the numerical methods may not require the 
explicit interpolation of the poWer dissipations, since the 
poWer dissipation of the cell instances can be directly used. 
[0058] Operation 327 calculates a neW temperature distri 
bution based on the poWer dissipation distribution (e.g., 
through solving the heat transfer equation using a numerical 
scheme). Operation 329 determines Whether consistency is 
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achieved. If the neW temperate distribution is consistent With 
the previous temperate used to determine the poWer dissipa 
tion distribution of the thermal model (or the poWer dissipa 
tion distribution computed using the neW temperature distri 
bution is consistent With the previous iteration of the poWer 
dissipation distribution), consistency is achieved. Otherwise, 
operations 323-329 can be repeated until consistency is 
achieved. 
[0059] In one embodiment of the present invention, the 
poWer dissipation in integrated circuits includes three major 
components: net switching poWer (Pnet), cell sWitching poWer 
(PSWl-tchmg) and cell leakage poWer (Pleakage), Where the cell 
may be a standard cell or a larger custom designed block 
Whose behavior is understood. The sWitching poWer is the 
poWer dissipated for signal/ state sWitching in the net or in the 
cell. The cell leakage poWer is due to the leakage current, 
Which can arise from reverse bias diode currents and sub 
threshold effects. A detailed discussion on leakage current 
can be found in K. Roy, S. Mukhopadhyay, H. Mahmoodi 
Meimand (2003), “Leakage current mechanisms and leakage 
reduction techniques in deep-submicrometer CMOS cir 
cuits,” Proceedings ofthe IEEE, Vol. 91, No. 2, pp. 305-327. 
[0060] The net sWitching poWer typically does not depend 
on the silicon temperature of the silicon, because it is prima 
rily controlled by the load capacitance (Wire or gate capaci 
tance) and the supply voltage. The cell sWitching poWer and 
the leakage poWer typically increase With silicon tempera 
ture. When the temperature increases, the leakage poWer typi 
cally increases more rapidly than the cell sWitching poWer. 
The cell sWitching poWer typically increases linearly (or 
according to a polynomial function) With respect to the tem 
perature. The leakage poWer typically is an exponential func 
tion of the silicon temperature. 
[0061] In one embodiment of the present invention, the 
temperature variation of poWer dissipation is modeled based 
on the physical phenomenon it represents. In one implemen 
tation, Pnet is independent of the temperature; PSWl-tchmg is a 
sloWly increasing function of the temperature, such as Po+a>< 
T+b><T2, Where PO is independent on the temperature; and 
Plewge is modeled as an exponential function of temperature, 
such as c><ekT. HoWever, it is understood that the analysis can 
be performed With any computational model for the tempera 
ture dependency in general. 
[0062] In the silicon chip, the poWer dissipation causes the 
elevated temperature. The elevated temperature then in turn 
creates more poWer dissipation due to increased leakage and 
sWitching poWer. The elevated temperature also causes larger 
temperature gradient, Which speeds up the heat dissipation. 
Thus, at a given point on the chip there exists a local equilib 
rium temperature at Which the circuit operates With an 
elevated steady state temperature. 
[0063] When the integrated circuit devices continue to 
reduce the feature size, such as scaling into deep submicron 
technologies, the leakage poWer becomes a signi?cant part of 
the total poWer dissipation for advanced process technolo 
gies. For example, When the process technologies advance to 
the feature size in the order of 90 nm, 65 nm, or smaller, the 
leakage poWer becomes a dominant part of the total poWer 
dissipation. Minimizing the poWer dissipation due to leakage 
current can signi?cantly reduce the total poWer usage. 
[0064] One embodiment of the present invention uses the 
result of the thermal analysis to optimize the circuit design 
under various design constrains. For example, synthesis 
transformations are automatically performed to improve a 
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design goal, Which may be a combination of area usage, clock 
frequency, poWer usage, etc. For example, poWer usage or 
leakage poWer can be minimized for a speci?ed clock fre 
quency and poWer supply voltage. Similarly, the clock fre 
quency or other timing parameters can be improved With least 
increase in poWer usage. 

[0065] In one aspect, the optimization of a circuit design 
includes the minimization of poWer usage, such as the cell 
sWitching and leakage components of the total poWer dissi 
pation, Without reducing the clock frequency or the poWer 
supply voltage and With minimal additional area penalty. 
[0066] In another aspect, the optimization of a circuit 
design includes the timing optimization (e.g., to reduce the 
clock frequency) using the temperature distribution informa 
tion Without signi?cant penalty in poWer usage. 
[0067] In one embodiment of the present invention, a syn 
thesized and placed netlist is optimized for a target frequency 
and a speci?ed supply voltage. For example, the netlist can be 
a technology dependent netlist. The information regarding 
the temperature dependent of poWer dissipation for the ele 
ments of the circuit, such as the standard cells and custom 
blocks, is used for the thermal model. The optimization 
includes improving the timing to meet the target frequency 
and/or reducing the poWer dissipation of the circuit. 
[0068] In one embodiment of the present invention, a poWer 
minimization process includes: determining self-consistently 
the local poWer dissipation and the local temperature across 
the chip; performing optimizations on the design by place 
ment changes or netlist changes; re-computing the tempera 
ture and poWer to assure that the optimizations is based on the 
self-consistent local poWer dissipation and local temperature. 
[0069] For example, components Whose poWer dissipation 
is highly sensitive to the local temperature can be moved from 
elevated temperature areas to loW temperature areas. Further, 
loW poWer dissipation implementations can be used to replace 
high poWer dissipation implementations in areas of elevated 
temperature. 
[0070] In general, a logic function can be implemented in 
different Ways and using different cells, Which provide the 
trade-off betWeen the poWer dissipation and other design 
performances. The use of loW poWer dissipation implemen 
tations typically has negative impact on other design param 
eters. For example, standard cells With high transistor thresh 
old values have loW leakage poWer but reduced timing 
performance. A loW poWer dissipation implementation of a 
logic function can take a larger area and/or longer delay than 
a high poWer dissipation implementation of the same logic 
function. 

[0071] In one embodiment of the present invention, the 
blocks in the high temperature regions are transformed to 
trade certain performance for reduced poWer dissipation, 
especially for highly temperature dependent components. 
The blocks in the loW temperature regions can then be trans 
formed to gain back the corresponding performance to satisfy 
the design constraints, such as timing, area usage, etc. 

[0072] If the design transformation perturbs signi?cantly 
the thermal condition, such as the poWer dissipation or the 
temperature distribution, the self-consistent local poWer dis 
sipation and the local temperature across the chip are recom 
puted. The iterations of determining self-consistent thermal 
solutions and performing optimizations can be repeated until 
a desired design goal is achieved (or When no signi?cant 
improvement is achieved). 



US 2008/0168406 A1 

[0073] In one embodiment of the present invention, the 
temperature distribution based on the poWer dissipation of the 
elements of the circuit in design is determined from the ther 
mal model of the IC chip. In one implementation, the thermal 
model of an IC chip is in the form of the following Laplace’s 
equation: 

[0074] Where P(x, y, Z, T) includes the contribution from the 
net switching poWer (Pnet), the cell sWitching poWer (PSWl-tch’ 
ing) and the leakage poWer (Pleakage). The poWer dissipation at 
the cell instances can be smoothly interpolated over the IC 
chip. K is the thermal conductivity at a given location and is 
based on the material present at the location. For example, in 
the silicon region the thermal conductivity of silicon is used; 
and in the dielectric above the silicon the corresponding ther 
mal conductivity for the dielectric material is used. 

[0075] In one implementation, the poWer dissipation 
sources are assumed to be in the plane of the silicon because 
the transistors that dissipate most of the poWer are at there. 
HoWever, When more detailed design information is available 
(e. g., the metal layer routing information), the locations of the 
poWer dissipation sources can be modeled more precisely. 
For example, the net sWitching poWers may be modeled in the 
planes of the metal layers. 
[0076] The thermal model includes appropriate boundary 
conditions, Which depends on the packaging used and the 
assumed Working environment, such as the ambient tempera 
ture. The thermal model is solved to yield a temperature 
distribution for the Whole chip, Which can be used to update 
the poWer source of the thermal model. 

[0077] In one embodiment of the present invention, an ini 
tial temperature distribution T0 is assumed for the computa 
tion of the poWer source P(TO). The poWer source P(TO) is 
then used to determine the temperature distribution T 1, Which 
is then further used to obtained the updated poWer source 
P(Tl). The iteration continues until the solution converges to 
a self consistent temperature and poWer source solution. 

[0078] In one embodiment of the present invention, When a 
poWer source P is determined based on an initial temperature 
distribution or the temperature solution of the previous itera 
tion, the thermal model is solved using one of many available 
numerical techniques, such as ?nite differencing, ?nite ele 
ments, boundary value methods, etc. 
[0079] The temperature distribution Ti+1 obtained by solv 
ing the Laplace’s equation Will not in general be the same as 
the original temperature distribution Tl- used to calculate the 
poWer distribution. The iteration on the poWer dissipation 
calculation and the temperature calculation can be performed 
until the temperature distribution does not change any further 
(or the poWer source does not change any further). 
[0080] In one embodiment of the present invention, once a 
self consistent temperature and poWer dissipation solution is 
obtained from a thermal analysis, design transformations are 
preformed to improved the design of the circuit using the 
thermal solution. For example, transformations can be per 
formed to reduce the leakage poWer of the circuit. 

[0081] In one embodiment, the cells that have high leakage 
current at a high temperature region are selected for transfor 
mation to minimize poWer. The leakage current can have an 
exponential dependence on the temperature. When the cells 
With high leakage current are moved to a loW temperature 
region, the leakage current can be reduced signi?cantly. 
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[0082] For example, in one embodiment, placement modi 
?cation techniques are used to move cells With high leakage 
or sWitching poWer from high temperature areas to loWer 
temperature areas to reduce poWer usage. For example, in an 
area With a large temperature gradient, a cell can be relocated 
from a high temperature region to a loW temperature region 
over a short distance. Such a placement change can reduce the 
temperature gradient and the poWer usage Without signi?cant 
impact on timing, area usage, etc. 

[0083] HoWever, changing placement over a long distance 
can cause signi?cant changes to the circuit design, Which can 
be computationally intensive in an optimiZation process. In 
one embodiment of the present invention, netlist changes are 
also used to reduce the leakage poWer Without signi?cant 
changes in placement over a long distance. 

[0084] In one embodiment, some transformations are per 
formed Without moving an element from one temperature 
Zone to another temperature Zone. Transformations for 
netlists in different temperatures can be performed to reduce 
poWer usage Without violating other design constraints. 
[0085] For example, the library of standard cells can con 
tain cells With the same functionality but different leakage 
poWer, such as multiple threshold voltage transistors. Differ 
ent standard cells With different transistor threshold voltages 
may be provided for the implementation of the same func 
tionality of an element of a circuit. Thus, the design transfor 
mation can involve selecting the standard cells for reduced 
poWer usage While maintaining other design constraints. For 
example, in a high temperature region loW leakage poWer 
cells that have a high transistor threshold voltage can be used 
to replace the high leakage poWer cells that have a loW tran 
sistor threshold voltage. If the timing constraint for the chip 
alloWs the use of the high-threshold voltage cells, the high 
threshold voltage cells can be used in the high temperature 
area to reduce leakage poWer. 

[0086] In general, high-threshold cells are sloWer so that 
they are used sparingly to meet the timing constraints. In one 
embodiment of the present invention, the high-threshold cells 
are used most effectively through the use of the criterion of 
applying the high-threshold cells in the high temperature 
regions. 
[0087] LoW leakage poWer implementations are typically 
sloWer and/or larger than high leakage poWer implementa 
tions. For example, the use of the loW leakage poWer cells 
With a high transistor threshold voltage in the high tempera 
ture region can degrade the timing performance on a critical 
path. 
[0088] In one embodiment of the present invention, to com 
pensate the degradation in the timing performance, one or 
more elements on the loW temperature portion of the critical 
path is also transformed to trade poWer dissipation for timing 
performance. For example, the high leakage poWer, high per 
formance cells can be used in a loW temperature region of the 
critical path to replace the loW leakage poWer, loW perfor 
mance cells on the critical path so that the timing constraint is 
not violated. When the standard cell library includes multiple 
versions of cells for the same functionality, the temperature 
solution can be used to determine the selection of cells along 
timing critical path for the optimiZation of poWer usage and 
timing. 
[0089] Since the leakage poWer depends on the temperature 
exponentially, the use of high leakage poWer cells in a loW 
temperature region in exchange for the use of loW leakage 
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power cells in a high temperature region to maintain the 
timing performance can lead to reduction in overall leakage 
poWer. 
[0090] In one embodiment, a synthesis transformation is 
performed to convert one implementation of a logic block to 
another Without relocating the logic block to a different loca 
tion. Typically, a logic block can be synthesized into different 
logic implementations With different characteristics (e.g., 
leakage poWer usage, area usage, timing performance, etc.) In 
one embodiment of the present invention, to reduce the poWer 
usage one logic block at a high temperature region is selec 
tively transformed for a loW poWer implementation. To avoid 
violating other design constraints (e. g., area usage or timing), 
the loW temperature region can be transformed accordingly to 
trade poWer (and/or area usage) for performance. Thus, the 
overall performance of the design is improved. 
[0091] The use of a loW poWer version reduces the poWer 
usage even if the temperature of the location remains the 
same. Actually, the reduction in the poWer dissipation can 
lead to the reduction in local temperature, Which can further 
reduce the poWer usage. 
[0092] If the fraction of cells transformed is small, the 
overall temperature distribution may not change signi?cantly 
by the changes and can still be used for the optimization. 
[0093] FIG. 4 illustrates a detailed example of optimizing a 
circuit design according to one embodiment of the present 
invention. Operation 341 divides a chip into a plurality of 
regions (or bins). Operation 343 computes average tempera 
tures for the regions. Operation 345 sorts the regions accord 
ing to the average temperatures. Operation 347 processes the 
region With the highest average temperature. 
[0094] Operation 349 sorts the instances in the region 
according to the leakage poWers. Alternatively, the instances 
can be sorted according to the sensitivity of leakage poWer to 
temperature (e.g., d Pleakagbj d T) or a combination of leakage 
poWer and sensitivity of leakage poWer to temperature. 
Operation 351 performs one or more design transformations 
for the instance With the highest leakage poWers to reduce the 
leakage poWer Without violating design constraints (e.g., tim 
ing and/ or Wiring requirements). For example, if a placement 
tool uses a force directed algorithm to place the instances to 
minimize congestion, then the temperature can be used in an 
analogous manner to the local utilization in the cost function 
of the force directed placer to produce a more even tempera 
ture distribution and loWer the total poWer as Well. The sen 
sitivity Would be used in the selection criteria of the force 
directed placer to identify Which instances to move preferen 
tially. If operation 353 determines to process the next 
instance, operation 351 is performed to further transform the 
next highest leakage poWer cell. 
[0095] In one embodiment, the process of operations 351 
and 353 repeats until the moved instances in the hottest region 
causes the temperature in the block is reduced or no further 
changes can be made due to timing or Wiring requirements. If 
operation 355 determines to process the next region, opera 
tions 349-353 are repeated for the next highest temperature 
region. In one embodiment, the process of operations 349 
355 repeats for regions until the poWer usage meets the speci 
?cation or the top half of the sorted bins have been analyzed 
or no signi?cant improvement is achieved. 

[0096] In one embodiment, the poWer dissipation in the 
transformed regions is evaluated to determine if the tempera 
ture solution needs to be updated. If the temperature solution 
is updated, operations 341-355 can be repeated. 
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[0097] In one embodiment, the cells selected from the high 
temperature regions are moved to the loWest temperature 
region among target regions Where if the cells are moved to 
the timing and Wiring requirements are still satis?ed. 
[0098] FIG. 5 illustrates one example transformation to 
optimize a circuit design according to one embodiment of the 
present invention. In FIG. 5, the chip according to a design 
403 is divided into regions, such as region 421, region 423, 
etc. FIG. 5 illustrates a Way to divide the chip into regions 
using a regular mesh. In general, the regions can be irregular 
in shapes and arrangement. For example, the regions can be 
divided according to the contour lines of the temperature 
distributions. The regions can be divided so that the tempera 
ture Within the regions is substantially uniform. 
[0099] In one embodiment, the regions are sorted according 
to their average temperatures. The regions are processed in 
the order of their average temperature, starting from high 
temperature regions to loW temperature regions. The cell 
instances in a region are sorted according to the temperature 
dependent portion of the poWer or the leakage poWer. For 
example, in region 421, cell instances 411, 413, 415, etc., are 
processed according to the leakage poWer of the cells. The 
cell instances With high leakage poWer are processed ?rst. 
[0100] For example, if the cell instance 411 has the highest 
leakage poWer in the region 421, the cell instance 411 may be 
moved to a loWer temperature region. The regions that have 
temperatures loWer than the region 421 are the candidate 
regions of the move. 
[0101] Typically, a subset of the candidate regions are 
alloWable, since moving the cell instance 411 to a remote 
region may cause too much delay in timing to satisfy the 
timing constraint or cause area constraint violation in a con 
gested area or cause violation in routing rules. The availabil 
ity of routing resources can also limit the target regions the 
cell instance can be moved into. Thus, the set of alloWable 
target regions can be determined so that the cell instance can 
be moved into one of the alloWable target regions Without 
violating a design constraint. 
[0102] From the set of alloWable target regions, a region 
With the loWest temperate can be select as the target region. 
For example, When the region 423 is selected as the target 
region, the design transformation 401 moves the cell instance 
411 from the source region 421 into the target region 423 to 
generate the neW design 405. 
[0103] FIG. 6 illustrates another example transformation to 
optimize a circuit design according to one embodiment of the 
present invention. In FIG. 6, a path 503 includes a high 
leakage cell instance 519 in a high temperate region and a loW 
leakage cell instance 515 in a loW temperature region. The 
path is betWeen registers 511 and 523, passing through logic 
513, cell instance 515, logic 517, cell instance 519, and logic 
521. 
[0104] When the path 503 is not timing critical, the high 
leakage cell instance 519 having a leakage poWer P A at tem 
perature T 1 can be replaced With a loW leakage cell instance 
such as cell instance 539 Which perform the same function. 
For example, the cell instance 539 has a higher transistor 
threshold voltage than the cell instance 519 so that the cell 
instance 539 has a reduced leakage poWer (e.g., PC<PA at 
temperature T1) even if the temperature of the cell instance 
remains the same (e.g., Tl). HoWever, the use of the high 
threshold instance degrades the timing performance and 
reduces the slack of the path. If the timing requirement is still 
satis?ed, such an design transformation is acceptable. 
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[0105] When the path is timing critical (or sub-critical), the 
use of the high threshold instance can cause timing violation. 
In one embodiment of the present invention, the cell instance 
515 having a leakage poWer P B in the loW temperature region 
of temperature T2 is also transformed to improve the timing 
performance and avoid timing violation. For example, a loW 
threshold instance 535 With a leakage poWer PD>PC at tem 
perature T2 is used to replace the high threshold instance 515. 
Thus, When both the cell instances in the high temperature 
region and in the loW temperature region are transformed to 
convert path 503 into path 505, the timing constraint remains 
satis?ed. 

[0106] Note that cell instances 519 and 535 may not per 
form the same function and may not have the same resistor 
threshold voltage. 
[0107] Although the use of loW threshold instance in the 
loW temperature region increases the leakage poWer, the over 
all transformation (501) for both cell instances 515 and 519 
reduces the leakage poWer. Since the leakage poWer is highly 
sensitive to the temperature, the leakage poWer reduction in 
the high temperature region out Weights the increase in the 
loW temperature region. 
[0108] Using standard cell instances With different transis 
tor threshold voltages is one example of making netlist 
changes Without signi?cantly altering the placement solution. 
Other examples include transform a subset of netlist into a 
functionally equivalent netlist that has different tradeoff in 
leakage poWer, timing, area usages and others. 

[0109] FIG. 8 illustrates a ?lrther synthesis transformation 
to optimiZe a circuit design according to one embodiment of 
the present invention. In one embodiment of the present 
invention, a chip has a number of blocks. Thus, the cells in one 
block have the same transistor threshold voltage. For 
example, in block 721, cells 713, 715, etc., have the same (or 
almost the same) threshold (Vn). The cells in block 723 can 
have a different threshold (V I2). 
[0110] Ifthe threshold is high, the block is a high threshold 
block, in Which the cells have loW leakage poWer and loW 
timing performance (high delay). If the threshold is loW, the 
block is a loW threshold block, in Which the cells have high 
leakage poWer and high timing performance (loW delay). For 
example, on one implementation of an FPGA chip, the blocks 
of cells can be speci?ed as a high threshold block, a loW 
threshold block, a medium threshold block, etc. The threshold 
may be hardWired or adjustable during the computation. 
[0111] In one embodiment of the present invention, a block 
of cells can be sWitched from one threshold value to another 
through a design transformation to reduce the poWer usage. 
High threshold blocks are used to reduce the poWer usage and 
loW threshold blocks are used to improve the timing perfor 
mance. In one embodiment of the present invention, a distri 
bution of various threshold blocks is determined through 
optimiZing the poWer usage While satisfying the timing con 
straint. 

[0112] For example, after the timing critical paths and the 
instances on the timing critical paths are identi?ed, the timing 
non-critical instances in a loW threshold block can be moved 
into a nearby high threshold block; and timing critical 
instances can be moved from a high threshold block to a 
nearby loW threshold block. 
[0113] When a block mostly contains timing non-critical 
instances, the block can be sWitched from a loW threshold to 
a high threshold. For example, in FIG. 7, the transformation 
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701 converts the threshold for the block 721 from VTl in the 
design 703 to VI2 to generated design 705. 
[0114] SWitch a block from a loW threshold to a high thresh 
old may cause some of the paths in or passing the block to 
become critical (or to violate timing constraint). Thus, timing 
critical instances can be identi?ed and moved to a nearby 
block (e.g., block 725) to satisfy the timing constraint. 
[0115] In one embodiment of the present invention, the 
transformation of a block from one threshold to another is at 
least partially based on the average temperature of the block. 
For example, a block With a high temperature is a candidate 
for transforming into a high threshold block to reduce the 
poWer usage, especially the leakage poWer. A nearby loW 
temperature block may be transformed into a loW threshold 
block, if the nearby loW temperature is on a number of the 
timing critical path pass these tWo blocks. Such a trade-off 
transformation on a block basis is similar to the trade-off 
transformation on an instance basis illustrated in FIG. 6. 

[0116] In one embodiment of the present invention, differ 
ent design transformations are combined in the optimiZing 
poWer usage using the temperature solution. 
[0117] FIG. 7 illustrates a detailed How of synthesis trans 
formations to optimiZe a circuit design according to one 
embodiment of the present invention. Operation 601 sorts 
blocks according to the leakage poWer. Operation 603 pro 
cesses the block With the highest leakage poWer. 
[0118] If operation 605 determines this block can be moved 
to a location that has a temperature loWer than the current 
location, operation 607 moves the block to the location that 
has a temperature loWer than the current location. 
[0119] If operation 609 determines there is an implemen 
tation that has a loWer leakage poWer than the current imple 
mentation, operation 611 determines Whether a timing con 
straint is violated if the loW leakage poWer implementation is 
used. If the use of the loW leakage poWer implementation Will 
not cause timing violation, operation 613 performs a trans 
formation to replace the current implementation With the loW 
leakage poWer implementation; otherWise, operation 615 
determines Whether there is a different block that can be 
transformed to meet the timing constraint if the loW leakage 
poWer implementation is used. 
[0120] If a different block can be transformed to meet the 
timing constraint When the loW poWer implementation is 
used, operation 617 performs transformations for both blocks 
to reduce the leakage poWer Without violating the timing 
requirement. 
[0121] If the block cannot be transformed Without violating 
a design constraint, operation 619 determines Whether to 
process the next highest leakage poWer block. 
[0122] Since the poWer dissipation estimation is based on 
the temperature distribution, a small perturbation of the tem 
perature distribution does not affect the correct selection for 
elements for transformation. Thus, operations 605-609 can be 
repeated until the temperature distribution needs to be 
updated. The temperature distribution can be re-evaluated 
using the technique described above after a su?icient number 
of changes have been made (or if the poWer dissipation based 
on the current temperature distribution is changed signi? 
cantly). 
[0123] One embodiment of the present invention includes 
timing optimization using the temperature distribution of the 
design. 
[0124] In one embodiment of the present invention, a leak 
age sensitivity map is constructed based on the temperature 
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distribution. The leakage sensitivity map shows the sensitiv 
ity of leakage power to the temperature change (e. g., d Pleak’ 
age/d T) for various locations on the chip. The leakage sensi 
tivity map can then be used to identify the instances or blocks 
for transformations to reduce leakage poWer. For example, 
the instances With large sensitivity of leakage poWer to the 
temperature change can be selected for transformation (e.g., 
placement changes, implementation changes, threshold 
changes, etc.) before the instances With small sensitivity of 
leakage poWer to the temperature change are selected for 
transformation. Thus, optimizations can be performed for the 
cells orblocks With the greatest sensitivity. Instances With loW 
temperature sensitivity could then be used to preferentially 
improve timing. In one embodiment of the present invention, 
the sensitivity of leakage poWer to the temperature change is 
also included in the objective function (e. g., during placement 
or synthesis transformation) for the optimization of a design 
goal. Further, the sensitivity of leakage poWer to alloWable 
transformation can be computed to select the cells (and 
blocks) and transformations. For example, to select a trans 
formation, the changes in leakage poWer for a number of 
candidate transformations on a number of candidate cells can 
be evaluated. The candidate transformation on the candidate 
cell With most reduction in leakage poWer can be selected for 
the transformation. Such a selection process can be repeated 
to perform transformations that are most effective in the 
reduction of leakage poWer. 
[0125] For a type of cells the delay from an input to an 
output and the transition time at the output of the cell type can 
be characterized as a function of the temperature. Such a 
function of the temperature can be obtained for the Whole 
library of standard cells and the custom blocks or macros 
(e.g., through curve ?tting measurements for different stan 
dard cells). One embodiment of the present invention per 
forms timing optimization using the temperature distribution 
and the information on the temperature dependent portion of 
the delay. 
[0126] In one embodiment of the present invention, after 
obtaining the self-consistent temperature distribution and 
poWer dissipation, a static timing analysis (STA) is performed 
to identify the critical paths in the design. 
[0127] Using the results of STA, the top N critical paths and 
the cell instances that the critical paths traverses can be iden 
ti?ed. Because the cell delay and transition times increase 
With temperature, the Working temperature of the instances 
can be reduced by making netlist and/or placement changes 
(e.g., moving high delay elements from high temperature 
regions to loW temperature regions) in a Way similar to the 
poWer minimization. Further, loW delay implementations, 
Which may occupy a larger area, can also be used. For 
example, loW transistor threshold cells can be used in loW 
temperature regions to improve timing With least increase in 
poWer usage. 
[0128] According to one embodiment of the present inven 
tion, one technique to improve the timing involves placement 
changes. For example, cells With excessive cell delay and 
transition times due to elevated temperatures can be moved 
from high temperature regions to loW temperature regions. 
[0129] Placement changes over a large distance may 
involve signi?cant change to the circuit design, Which may 
not be desirable at a late stage of design (e.g., after the place 
ment and routine solution is obtained). In one embodiment of 
the present invention, techniques to improve the timing 
involve netlist changes. 
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[0130] For example, a cell at a high temperature region may 
be on a number of paths, among Which one path (or a portion 
of the paths) is timing critical. The cell can be replicated so 
that the replicated cell can be placed in a loW temperature 
region for the critical path. Such a technique can be used to 
reduce the impact of placing a cell into a loW temperature 
region. 
[0131] Further, for example, the temperature distribution 
can be used to select cells on the loW temperature regions of 
the critical paths so that the selected cells can be replaced With 
standard cells or custom cells that have loW delays (e. g., loW 
transistor threshold voltage cells). 
[0132] In one embodiment of the present invention, a delay 
sensitivity map is constructed based on the temperature dis 
tribution. The delay sensitivity map shoWs the sensitivity of 
delay to the temperature change for various locations on the 
chip. The delay sensitivity map can then be to identify the 
instances or blocks for transformations to reduce delay. For 
example, the instances With large sensitivity of delay to the 
temperature change can be selected for transformation (e. g., 
placement changes, implementation changes, threshold 
changes, etc.) before the instances With small sensitivity of 
delay to the temperature change are selected for transforma 
tion. Thus, optimizations can be performed for the cells or 
blocks With the greatest sensitivity. In one embodiment of the 
present invention, the sensitivity of delay to the temperature 
change is also included in the objective function (e.g., during 
placement or synthesis transformation) for the optimization 
of a design goal. Further, the sensitivity of delay to alloWable 
transformation can be computed to select the cells (and 
blocks) and transformations. For example, to select a trans 
formation, the changes in delay for a number of candidate 
transformations on a number of candidate cells can be evalu 

ated. The candidate transformation on the candidate cell With 
most reduction in delay can be selected for the transforma 
tion. Such a selection process can be repeated to perform 
transformations that are most effective in the reduction of 
delay. 
[0133] Further, in one embodiment, both the leakage sen 
sitivity and delay sensitivity are used for the optimization of 
combined goal of reducing leakage and delay. For example, 
sensitivities of leakage poWer and delay to temperature can be 
combined to generate a sensitivity indicator, Which can be 
sorted for cells (and blocks) to select the a cell (or block) for 
transformation. Further, to select a transformation, the 
changes in delay and leakage poWer for a number of candidate 
transformations on a number of candidate cells can be evalu 
ated. A goal indicator Which is a function of the changes in 
delay and leakage poWer can be evaluated. The candidate 
transformation on the candidate cell With best goal indicator 
can be selected for the transformation. 

[0134] In general, the self consistent temperature solution 
and the poWer dissipation solution can be used to optimize a 
design goal involving the poWer dissipation, the timing con 
straints and other design parameters (e.g., area usage). For 
example, the design goal can be the minimization of total 
poWer usage, or total leakage poWer, under one or more 
design constraints, such as timing constraints (e.g., minimum 
clock period), area usage, routing resource, etc. Further, a 
design goal can be designed to balance the con?icting 
resource requirements, such as poWer usage (or leakage 
poWer) and timing performance. For example, the design goal 
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can be the weighted sum of the power usage (or leakage 
power) and the minimum clock period. The design goal can 
be optimized for the possible changes of different implemen 
tations of cells (e.g., standard cells of different transistor 
threshold voltages) and different implementation of logic 
functions. Placement variations can also be used as a variable 
for the optimiZation process. 
[0135] In one embodiment of the present invention, if most 
of the critical paths are in one logical module, the logic 
module is constrained to be in a region of lower temperature. 
[0136] After a suf?cient number of changes are made to the 
design of the circuit, the thermal analysis can be performed 
again to assure that the thermal map is consistent with the 
design and to evaluate the improvement in the timing of the 
design after the optimiZation. 
[0137] Many of the methods of the present invention may 
be performed with a digital processing system, such as a 
conventional, general-purpose computer system. Special pur 
pose computers, which are designed or programmed to per 
form only one function, may also be used. 
[0138] FIG. 9 shows one example of a typical computer 
system which may be used with the present invention. Note 
that while FIG. 9 illustrates various components of a com 
puter system, it is not intended to represent any particular 
architecture or manner of interconnecting the components as 
such details are not germane to the present invention. It will 
also be appreciated that network computers and other data 
processing systems which have fewer components or perhaps 
more components may also be used with the present inven 
tion. The computer system of FIG. 9 may, for example, be a 
Sun workstation, or a personal computer (PC) running a Win 
dows operating system, or an Apple Macintosh computer. 
[0139] As shown in FIG. 9, the computer system 101, 
which is a form of a data processing system, includes a bus 
102 which is coupled to a microprocessor 103 and a ROM 107 
and volatile RAM 105 and a non-volatile memory 106. The 
microprocessor 103 is coupled to cache memory 104 as 
shown in the example of FIG. 9. The bus 102 interconnects 
these various components together and also interconnects 
these components 103, 107, 105, and 106 to a display con 
troller and display device 108 and to peripheral devices such 
as input/output (I/O) devices which may be mice, keyboards, 
modems, network interfaces, printers, scanners, video cam 
eras and other devices which are well known in the art. Typi 
cally, the input/output devices 110 are coupled to the system 
through input/ output controllers 109. The volatile RAM 105 
is typically implemented as dynamic RAM (DRAM) which 
requires power continually in order to refresh or maintain the 
data in the memory. The non-volatile memory 1 06 is typically 
a magnetic hard drive or a magnetic optical drive or an optical 
drive or a DVD RAM or other type of memory systems which 
maintain data even after power is removed from the system. 
Typically, the non-volatile memory will also be a random 
access memory although this is not required. While FIG. 9 
shows that the non-volatile memory is a local device coupled 
directly to the rest of the components in the data processing 
system, it will be appreciated that the present invention may 
utiliZe a non-volatile memory which is remote from the sys 
tem, such as a network storage device which is coupled to the 
data processing system through a network interface such as a 
modem or Ethernet interface. The bus 102 may include one or 
more buses connected to each other through various bridges, 
controllers and/ or adapters as is well known in the art. In one 
embodiment the I/O controller 109 includes a USB (Univer 
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sal Serial Bus) adapter for controlling USB peripherals, and/ 
or an IEEE-l394 bus adapter for controlling IEEE-l394 
peripherals. 
[0140] It will be apparent from this description that aspects 
of the present invention may be embodied, at least in part, in 
software. That is, the techniques may be carried out in a 
computer system or other data processing system in response 
to its processor, such as a microprocessor, executing 
sequences of instructions contained in a memory, such as 
ROM 107, volatile RAM 105, non-volatile memory 106, 
cache 104 or a remote storage device. In various embodi 
ments, hardwired circuitry may be used in combination with 
software instructions to implement the present invention. 
Thus, the techniques are not limited to any speci?c combina 
tion of hardware circuitry and software nor to any particular 
source for the instructions executed by the data processing 
system. In addition, throughout this description, various func 
tions and operations are described as being performed by or 
caused by software code to simplify description. However, 
those skilled in the art will recogniZe what is meant by such 
expressions is that the functions result from execution of the 
code by a processor, such as the microprocessor 103. 
[0141] A machine readable medium can be used to store 
software and data which when executed by a data processing 
system causes the system to perform various methods of the 
present invention. This executable software and data may be 
stored in various places including for example ROM 107, 
volatile RAM 105, non-volatile memory 106 and/or cache 
104 as shown in FIG. 9. Portions of this software and/or data 
may be stored in any one of these storage devices. 
[0142] Thus, a machine readable medium includes any 
mechanism that provides (i.e., stores and/or transmits) infor 
mation in a form accessible by a machine (e.g., a computer, 
network device, personal digital assistant, manufacturing 
tool, any device with a set of one or more processors, etc.). For 
example, a machine readable medium includes recordable/ 
non-recordable media (e.g., read only memory (ROM); ran 
dom access memory (RAM); magnetic disk storage media; 
optical storage media; ?ash memory devices; etc.), as well as 
electrical, optical, acoustical or other forms of propagated 
signals (e.g., carrier waves, infrared signals, digital signals, 
etc.); etc. 
[0143] In the foregoing speci?cation, the invention has 
been described with reference to speci?c exemplary embodi 
ments thereof. It will be evident that various modi?cations 
may be made thereto without departing from the broader 
spirit and scope of the invention as set forth in the following 
claims. The speci?cation and drawings are, accordingly, to be 
regarded in an illustrative sense rather than a restrictive sense. 

What is claimed is: 
1. A machine readable medium containing executable 

computer program instructions which when executed by a 
digital processing system cause said system to perform a 
method for circuit design, the method comprising: 

determining a temperature solution and a power dissipa 
tion solution for a ?rst design of a circuit, the power 
dissipation solution and the temperature solution being 
interdependent and consistent with each other; and 

performing timing optimiZation using the temperature 
solution to generate a second design of the circuit. 

2. The medium of claim 1, wherein the method further 
comprises: 

evaluating a temperature dependent delay from an input of 
an element to an output of the element. 






